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We investigate excited states of 18O by using the antisymmetrized molecular dynamics. It is
found that five different types of cluster states exist which we call 14C + α, higher-nodal 14C + α,
two molecular states, and 4α linear-chain. The calculated α-decay widths are compared with the
observed data. The higher-nodal 14C + α cluster states reasonably agree with resonances reported
by the recent experiments. We predict that the α-particle emission is dominant for the 14C + α
cluster states while the molecular states prefer the 6He emission.
I. INTRODUCTION
Clustering is a well known phenomenon in light N = Z
self-conjugate nuclei. The clustering of these nuclei shows
striking characters such as an inversion doublet [1], large
α-decay widths [2], and strong isoscalar monopole or
dipole transitions [3, 4]. It has been suggested that more
rich clustering can appear inN 6= Z nuclei such as 9−12Be
[5–7], 13−20C [8–24], 18−20O [25–34], and 22−24Ne [31, 35–
40] due to the degree-of-freedom of valence neutrons. Al-
though a number of works have provided information of
the cluster structure in these nuclei, it is not still suffi-
cient to understand the nature of clustering in neutron-
rich nuclei.
18O is a good example of the clustering in N 6= Z nu-
clei because the core nucleus 16O has well-known 12C+α
cluster states [1, 4, 41]. Figure 1 shows energy spectra
of 18O reported by experimental and theoretical stud-
ies. Cunsolo et al. suggested a positive-parity rotational
band which consists of 0+2 ; 3.63 MeV, 2
+
3 ; 5.26 MeV,
4+2 ; 7.11 MeV, 6
+
1 ; 11.69 MeV [28]. These states were
tagged by α-spectroscopic strengths. Ever since, this
band has long been established as the positive-parity
14C + α band. Gai et al. measured the electric dipole
transition strength B(E1) and suggested the negative-
parity band of 14C+ α cluster, 1−1 (4.45 MeV), 1
−
2 (6.20
MeV), and 3−3 (8.29 MeV) [29, 30], which constitute the
inversion doublet together with the positive-parity band
suggested by Cunsolo et al.. Curtis et al. measured
a different 14C + α cluster bands, 1−; 8.04 MeV, 2+;
8.22 MeV, 3−; 9.70 MeV, 4+; 10.29 MeV, 5−; 11.62
MeV, by the 14C(18O, 14Cα)14C reaction [31]. Subse-
quently, von Oertzen et al. interpreted these bands as
follows [32]. The band (0+2 , 2
+
3 , 4
+
2 , 6
+
1 ) observed by
Cunsolo et al. and Gai et al. is the 14C + α cluster,
while another band observed by Curtis et al. is a molec-
ular 12C + α + 2n structure. In addition, they newly
predicted negative-parity bands for each positive-parity
band, although the spin-parities of almost all states were
tentative. Based on 14C + α elastic scattering, Avila et
al. obtained the detailed spectroscopic information in-
cluding partial α- and n-decay widths [33]. They re-
ported very large α-decay widths for several resonances.
Moreover, they excluded the negative-parity states sug-
gested by von Oertzen et al. because they observed small
α-decay widths for these states. More recently, Yang
et al. performed a multi-nucleon transfer experiment
9Be(13C, α + 14C)α [34]. They observed new resonances
and α-branching ratios for the previously reported states.
In particular, they were able to determine the 11.7 MeV
state as a 6+ state owing to the better resolution, which
had been remained the unsolved spin-parity (6+ or 5−).
Theoretically, Descouvemont and Baye investigated
14C + α states using the generator coordinate method
(GCM) [25]. They used asymmetric 14C + α(0+1 ) and
14C + α(2+1 ) wave functions and compared the results
with experiments. As a result, the K = 0+ band (0+2 ;
3.6 MeV, 2+3 ; 4.7 MeV, 4
+
2 ; 7.3 MeV, 6
+
1 ; 11.6 MeV)
and the K = 0− band (1−3 ; 9.6 MeV, 3
−
3 ; 9.8 MeV, 5
−
2 ;
13.1 MeV) were predicted. Furutachi et al. studied 18O
using the antisymmetrized molecular dynamics (AMD)
[26]. They showed that the ground band and molecu-
lar 14C+ α band roughly agreed with experimental ones
but there are still energy gaps. Quite recently, Nakao et
al. analyzed Coulomb shifts of the 14C + α cluster by
applying the orthogonality condition model (OCM) [27].
This calculation nicely reproduced the observed 0+ state
including higher-lying states. In addition, the Thomas-
Ehrman shift and the monopole transition are proposed
as the probe of clustering.
Although the many experimental and theoretical stud-
ies have been performed, there are two problems to be
solved. First, the 12C + α + 2n molecular states sug-
gested by von Oertzen et al. have not yet been investi-
gated theoretically. In the case of 12Be [42], it is shown
that the α + α + 4n configuration appears at the lower
excitation energy than various two-body cluster states
such as 8He + α, 6He + 6He, and 7He+ 5He. The former
is interpreted as the molecular orbital structure analog
to the covalent bond where the four valence neutrons
locates around the clusters simultaneously, whereas the
latter is interpreted as the ionic configuration where the
four valence neutrons are trapped in either of α-cores. If
the 14C+ α state is interpreted as the ”ionic” state, the
molecular orbital configuration 12C + α + 2n should be
also expected. Second, there is lack of quantitative calcu-
2lation to compare with the observations. As mentioned
above, the observables such as B(E1) and α-decay widths
have been already measured. Therefore, we need to cal-
culate the B(E1) and α-decay widths quantitatively to
establish the clustering in 18O. In addition, the inversion
doublet is essential to prove the asymmetric cluster struc-
ture, but the assignment of the negative-parity 14C + α
bands are controversial between the experiments.
In this paper, we investigate excited states of 18O by
using the AMD. For quantitative comparison of the ex-
citation energy, we improve a effective nucleon-nucleon
interaction and wave functions compared with the pre-
vious AMD calculation [26]. To search for the molecu-
lar states, we calculate higher excited states. As the re-
sult, we suggest that the five cluster configurations exist.
Moreover, we compare the energy spectra and α-decay
widths with the experiments. Calculated higher-nodal
14C + α cluster states reasonably agree with resonances
reported by the recent experiments. Also, it is found that
the 14C + α cluster states decay by α-particle emission
while the 12C + α + 2n molecular states decay by 6He
emission.
II. THEORETICAL FRAMEWORK
In this work, we use the microscopic A-body Hamilto-
nian written as
Hˆ =
A∑
i=1
tˆi − tˆc.m. +
A∑
i<j
vˆNij +
Z∑
i<j
vˆCij , (1)
where tˆi, tˆc.m., vˆ
N , and vˆC are the kinetic energy per
nucleon, kinetic energy of the center-of-mass, nucleon-
nucleon interaction and Coulomb interaction, respec-
tively. The Gogny D1S [43] is used as the effective
nucleon-nucleon interaction .
The AMD wave function ΦAMD is represented by a
Slater determinant of single particle wave packets,
ΦAMD = A{ϕ1, ϕ2, ..., ϕA} = 1√
A!
det[ϕi(rj)]. (2)
Here, ϕi is the single particle wave packet which is a
direct product of the deformed Gaussian spatial part [44],
spin (χi) and isospin (ξi) parts,
ϕi(r) = φi(r)⊗ χi ⊗ ξi, (3)
φi(r) =
∏
σ=x,y,z
(2νσ
pi
)1/4
exp
{
−νσ
(
rσ − Ziσ√
νσ
)2}
, (4)
χi = aiχ↑ + biχ↓, ξi = proton or neutron.
The centroids of the Gaussian wave packets Zi, the direc-
tion of nucleon spin ai, bi, and the width parameter of the
deformed Gaussian νσ are variables determined by the
variational calculation. In this calculation, we perform
the variational calculation with a constraint potential on
the quadrupole deformation parameter β,
E′pi =
〈Φpi|H |Φpi〉
〈Φpi|Φpi〉 + vβ(〈β〉 − β0)
2. (5)
After the variational calculation, the eigenstate of the
total angular momentum is projected out.
We perform the generator coordinate method by em-
ploying the quadrupole deformation parameter β as the
generator coordinate. The wave functions ΦJpiMKi are su-
perposed,
ΨJpiMα =
∑
Ki
gJKiαΦ
Jpi
MKi, (6)
where the coefficients gJKiα and eigenenergies E
Jpi
α are
obtained by solving the Hill-Wheeler equation [45]. To
discuss the dominant configuration in ΨJ
Π
Mn, we calculate
the overlap between ΨJ
Π
Mn and the basis wave function
ΦJ
Π
MK(βi),
| 〈ΦJΠMK(β)|ΨJ
Π
Mn〉 |2/ 〈ΦJ
Π
MK(β)|ΦJ
Π
MK (β)〉 . (7)
Using the GCM wave functions, we estimate the α-
decay width from the reduced width amplitude (RWA).
In order to calculate the RWA, we employ the Laplace
expansion method given in Ref. [46]. The reduced width
γl is given by the square of the RWA,
γ2l (a) =
~
2
2µa
|ayl(a)|2, (8)
and the partial α-decay width is a product of the reduced
width and the penetration factor Pl(a),
Γl = 2Pl(a)γ
2
l (a), Pl(a) =
ka
F 2l (ka) +G
2
l (ka)
, (9)
where Pl is given by the Coulomb regular and irregular
wave functions Fl and Gl. Here, the channel radius a is
chosen as 5.2 fm which is same with those used in Refs.
[33, 34]. The wave number k is determined by the decay
Q-value and the reduced mass µ as k =
√
2µEQ. A
dimensionless α-reduced width is defined by the ratio of
the reduced width to Wigner limit γ2W ,
θ2l (a) =
γ2l (a)
γ2W (a)
, γ2W (a) =
3~2
2µa2
, (10)
and the spectroscopic factor S is defined by the integral
of the RWA,
S =
∫ ∞
0
r2|yl(r)|2dr. (11)
To investigate the valence-neutron properties, we cal-
culate single-particle orbits of the intrinsic wave function.
3The calculation is referred in our previous work [19]. Us-
ing the single-particle orbit φ˜s, we discuss the amount of
the positive-parity component,
p+ = |〈φ˜s|1 + Px
2
|φ˜s〉|2, (12)
and angular momenta in the intrinsic frame,
j(j + 1) = 〈φ˜s|jˆ2|φ˜s〉, |jz| =
√
〈φ˜s|jˆ2z |φ˜s〉, (13)
l(l + 1) = 〈φ˜s|lˆ2|φ˜s〉, |lz | =
√
〈φ˜s|lˆ2z|φ˜s〉. (14)
III. RESULTS
A. Energy surface and density distribution
Figure 2 shows energy curves for Jpi = 0+ states ob-
tained by the β-constraint variational calculation. On
these curves, six different structures appear whose den-
sity distributions are illustrated in Fig. 3. There are
also other local energy minima with different structures
above these energy curves. However, they do not have
prominent cluster structure, and hence, are not shown in
this figure. We focus on and discuss these six structures
by referring their density distributions and properties of
valence neutron orbits listed in Table. I.
The lowest energy configuration shown by circles has
the minimum at E = −139.6 MeV and β = 0.2. As
seen in Fig. 3 (a), this configuration has no pronounced
clustering and it becomes the most dominant component
of the ground band. The properties of the valence neuron
in Table. I (a) shows two valence neutrons approximately
occupy (d5/2)
2 orbit, that is, j ≈ 5/2 and l ≈ 2.
In β = 0.6 ∼ 0.8 region, another configuration shown
by blue triangles becomes the local energy minimum.
Figure 3 (b) shows that it has the spatially separated
α and 14C clusters. In our calculation, positive-parity
14C + α cluster configuration is little different from that
of previous AMD work in Ref. [26]. Valence neutrons
occupy the p-orbit perpendicular to the symmetry axis,
while they occupy the orbit parallel to the symmetry axis
in previous work.
In β = 0.8 ∼ 1.0 region, two different configurations
shown by red triangles and green squares are almost de-
generated. The red triangles show the well developed α
and 14C clustering illustrated by Fig. 3 (c). On the other
hand, the configuration shown by the green squares has
a symmetric configuration illustrated by Fig. 3 (d). It
seems that two valence neutrons distribute all over the
nucleus. We consider that this configuration corresponds
to 12C+α+2nmolecular states suggested by von Oertzen
et al [32] although our calculation does not show the clear
12C and α core. The properties of the valence neuron in
Table. I (d) show that the valence neutrons occupy the
d-orbit, which behaves like the molecular orbit.
In β = 1.0 ∼ 1.2 region, another molecular config-
uration denoted by yellow diamonds becomes the yrast
states. Figure 3 (e) displays well developed α cluster-
ing but a different orbit of the valence neutrons which
locates parallel to the symmetry axis. From the single-
particle properties in Table. I (e), it is found that the
valence neutrons occupy the σ-orbit, that is, |jz | ≈ 1/2
and |lz| ≈ 0. This configuration is quite similar to the
σ-orbit predicted for 22Ne [38].
In extremely deformed region β > 1.2, the exotic clus-
tering is realized, which is denoted by cross symbols.
Figure 3 (f) shows the linear alignment of 4α particles.
In addition, two valence neutrons occupy the pi-orbit
(|jz | ≈ 3/2 and |lz | ≈ 1) from Table. I (f). Thus, we
show the pi-bond linear-chain configuration exists in 4α
system, similar to 14C [14, 19, 22].
TABLE I. Properties of valence neutron orbits shown in Fig.
3. Each column show the single particle energy ε in MeV, the
amount of the positive-parity component p+ and the angular
momenta (see Eqs. (12)-(14)).
orbit ε p+ j |jz| l |lz|
(a) −6.75 1.00 2.31 0.50 1.86 0.44
(b) −9.55 0.07 0.96 0.50 1.20 0.97
(c) −8.78 0.29 1.07 0.50 1.38 0.90
(d) −5.72 0.85 2.62 1.30 2.38 1.01
(e) −5.22 0.05 2.61 0.54 2.38 0.35
(f) −7.26 0.07 1.97 1.49 1.58 0.99
Figure 4 shows energy curves for Jpi = 1− states
in 18O. On this figure, five different structures appear,
which are illustrated by density distributions in Fig. 5
and properties of valence neutron orbits listed in Table.
II.
The energy minimum of the 1− state with negative-
parity is located at β = 0.40 with the binding energy
−134.57 MeV shown by circles, which has the density
distribution described in Fig.5 (a). From Table. II, it
is found that valence neutrons occupy the (d5/2)
2 orbit
which is same as the ground state. In this configuration,
the most weakly bound proton is excited into the d5/2
orbit (i.e. 1p1h configuration pi(p1/2)
−1(d5/2)
1), so that
the negative-parity is attained.
In β = 0.8 ∼ 1.0 region, two different configurations
shown by blue triangles and green squares appear, which
is similar to the positive-parity. The blue triangles show
the pronounced 14C + α clustering illustrated by Fig. 5
(b). This configuration is almost same as that of positive-
parity. Therefore, it is the counterpart of the inversion
doublet. On the other hand, the configuration shown
by the green squares is the molecular configuration but
little different from that of the positive-parity. The most
weakly bound neutron shown in the lower panel of Fig. 5
(c) is same as that of the positive-parity molecular state,
namely, the d-orbit. The other valence neutron, however,
has different properties p+ = 0.01, |jz| = 0.54 and |lz| =
41.00 in Table. II (c). These properties correspond to the
pi-orbit.
In β = 1.0 ∼ 1.2 region, the steep curve shown by
yellow diamonds becomes the lowest energy configura-
tion. Figure 5 (d) shows a similar configuration to the
12C+α+2n molecular states with the σ-orbit. Actually,
the most weakly bound neutron occupy the σ-orbit be-
cause |jz | ≈ 1/2 and |lz| ≈ 0. However, the other valence
neutron does not show a clear molecular orbit because of
the parity mixing (p+ = 0.51).
Similar to the positive-parity, the 4α linear-chain con-
figuration appears at β > 1.2 with rather high excitation
energy. From Fig. 5 (e), it seems that the two valence
neutrons occupy the pi-orbit. However, their properties
show that the parity mixing occurs even in this config-
uration. Note that these orbits locate around left 3α
showing the 14C+ α correlation.
TABLE II. Properties of two valence neutron orbits shown in
Fig. 5.
orbit ε p+ j |jz| l |lz|
(a) −8.77 0.99 2.32 0.56 1.87 0.50
−6.88 0.99 2.29 0.63 1.86 0.49
(b) −9.11 0.38 1.03 0.50 1.38 0.83
−9.09 0.38 1.03 0.50 1.38 0.83
(c) −9.39 0.01 0.94 0.54 1.14 1.00
−5.63 0.99 2.63 1.50 2.24 1.04
(d) −5.19 0.51 2.95 1.07 2.73 0.78
−4.79 0.02 3.02 0.57 2.84 0.26
(e) −6.59 0.26 2.38 1.44 2.07 0.96
−5.36 0.56 2.74 1.30 2.48 0.86
B. Energy spectrum
Figure 6 shows the positive-parity spectrum up to
Jpi = 6+ state obtained by the GCM calculation. We
classified the obtained states to six bands and other non-
cluster states based on the configurations discussed in
the previous section. This classification is based on their
overlap with the basis wave functions defined by Eq. (7).
Table III lists the member states of these bands and com-
pares with the observed data.
The member states of the ground band shown by cir-
cles in Fig. 6 are dominantly composed of the basis wave
function shown in Fig. 3 (a). In fact, the ground state
has the largest overlap with this basis that amounts to
0.98. The calculated binding energy is −139.97 MeV that
nicely agrees with the observed value (−139.81 MeV).
Due to the improvement of the wave functions and ef-
fective interaction, the moment-of-inertia of the ground
band is smaller than that of the previous AMD frame-
work [26], as a result, the excitation energies of the 2+1
and 4+1 states are also reasonably improved.
The 14C+α cluster configuration generates a rotational
band denoted by blue triangles at 5.44 MeV near the
14C+α threshold. The bandhead state 0+2 has the largest
overlap with the basis wave function shown in Fig.3 (b)
which amounts to 0.94. Excitation energies of this band
are closer to those of the observation than the previous
AMD framework although they are still overestimated.
The band shown by red triangles is composed of the basis
wave function in Fig. 3 (c). The bandhead state 0+4 has
the largest overlap with this basis which amounts to 0.71.
To make the difference between 0+2 , 0
+
3 , and 0
+
4 states
clear, their reduced width amplitudes are shown in Fig.
7. In the 14C + α channel (left panel), the 0+2 state has
four nodes (n = 4) while the 0+4 state has five nodes
(n = 5). Therefore, we conclude that the 0+4 state is the
higher-nodal 14C + α state, which corresponds the 0+4
state in OCM calculation [27] and the 0+ state observed
in Ref. [33]. In addition, the candidates for 2+ and 4+
states which have rather large α-decay widths are also
observed, and listed in Table. III.
The 12C+α+2n molecular configurations, denoted by
green squares and yellow diamonds, generate two rota-
tional bands respectively. The former band generates
the Kpi = 0+ band built on 0+3 state at 11.34 MeV,
and the Kpi = 2+ band built on 2+6 state at 13.78 MeV.
The bandhead 0+3 state has the largest overlap with the
wave function shown in Fig.3 (d) that amounts to 0.97.
The σ-orbit configuration generates the Kpi = 0+ band
built on 0+6 state at 16.07 MeV, and the K
pi = 2+ band
built on 2+11 state at 21.39 MeV. The bandhead 0
+
6 state
has the largest overlap with the wave function shown in
Fig.3 (e) that amounts to 0.87. We consider that the
green squares band corresponds the band suggested by
von Oertzen et al [32] although our calculation overesti-
mates their excitation energies. Note that the molecular
states 12C+α+2n exist above the two-body atomic (or
”ionic”) states 14C + α in the case of 4α system, while
the two-body atomic states 4He + 8He exist above the
molecular states α+α+4n in the case of 2α system [42].
This inversion has its origin in the difference between the
α − n interaction and 12C − n interaction. This is very
analogous to the electro-negativity in a molecule. 14C
has much larger two-neutron separation energy than 6He
and 8He, so 12C cluster strongly attracts two valence neu-
trons than α-cluster. This effect suggests an the extended
threshold rule for neutron-rich nuclei to understand the
nature of the clustering.
At rather high energy region, the 4α linear-chain con-
figuration generates a single rotational band (cross sym-
bols) on the bandhead state 0+9 which has the largest
overlap with the basis shown in Fig.3 (f) which amounts
to 0.72. Although the linear-chain of 3α in carbon iso-
topes has long been investigated, there are few works for
4α in oxygen isotopes [48, 49]. We for the first time sug-
gest its existence and it is considerably fascinating if it
is observed.
In the negative-parity spectrum in Fig. 8, we discuss
the five bands which correspond to the configurations
5seen in the energy curves. Detailed properties and the
comparison with observations are listed in Table. IV.
The 14C + α configuration generates a rotational band
which is built on the 1−4 state located at 11.41 MeV. The
bandhead state has the largest overlap with the basis
wave function shown in Fig.5 (b) which amounts to 0.67.
The negative-parity band of 14C+α is 6 MeV higher than
that of positive-parity, which constitutes the inversion
doublet. The calculated bandhead of the negative-parity
band is closer to the 1− state in Ref. [33] than those in
Refs. [29–31]. As discussed later, the calculated α-decay
width also supports that the 1− state observed by Ref.
[33] is a 14C+ α cluster state.
The molecular states denoted by green squares gener-
ate two rotational bands. The K− = 1− band build on
the 1−5 state located at 12.49 MeV, while the K
− = 2−
band build on the 2−4 state located at 10.43 MeV. The
bandhead state 2−4 has the largest overlap with the basis
wave function shown in Fig.5 (c) which amounts to 0.87.
These member states are reasonably agreed with the ex-
citation energies suggested by von Oertzen [32], although
all spin-parities are tentative experimentally. The other
12C + α+ 2n states denoted by yellow diamonds form a
K− = 1− band build on the 1−10 state andK
− = 0− band
build on the 1−14. As the angular momentum increases,
these bands are fragmented into several states due to the
mixing of K quantum numbers. The member states have
large overlap with the basis wave function shown in Fig.
5 (d), which amount to, for example, 0.56 in the case of
the 1−10 state.
Above Ex = 30 MeV, the 4α linear-chain band appears
and the bandhead state 1−16 has the largest overlap with
the basis shown in Fig.5 (e) which amounts to 0.89. In the
case of 18O, the linear-chain band is not fragmented and
forms a single band, which is different from the negative-
party linear-chain of 14C in our previous work [19].
C. Decay widths
We calculate α-decay widths and compare with the
experimental data. Calculated widths for each band are
listed in Tables. III and IV. The channel radius a is
5.2 fm, which is same as those used in Refs. [33, 34].
The present calculation shows that the 14C+α band has
large dimensionless reduced α-widths, which reasonably
agrees with the observation for the 6+1 state. In addi-
tion, the higher-nodal 14C + α band has large partial
α-decay widths (e.g. Γα = 184 for 0
+
4 and Γα = 308
for 4+3 ). Compared with the experiments, the 0
+ state
at Ex = 9.9(1) MeV with the rather large α-decay
(Γα = 3200(800)) width is considered as the higher-nodal
14C+α cluster state although the excitation energy and
width do not fully agree. The underestimation of the α-
decay widths is explained as following. As shown in Fig.
7, the RWA of the 0+2 state has the surface peak around
4.5 fm, and hence, the channel radius a = 5.2 fm is ap-
propriate. On the other hand, that of the 0+4 state has
the surface peak around 7.0 fm. In our calculation, there-
fore, the channel radius a = 5.2 fm is not valid for the 0+4
state. Using a = 7.5 fm, the α-decay and dimensionless
width for the 0+4 state are Γα = 1717 and θ
2
α = 0.68,
which is comparable with the observation. In the same
manner as the 0+, we consider the reported 2+ and 4+
higher-lying resonances correspond to the higher-nodal
14C + α band.
In the negative-parity, the reported resonances are
close to the member states of the 14C + α cluster band.
In particular, the calculated 1−4 state at 11.41 MeV rea-
sonably agrees with the 1− state at 9.76 MeV observed
by Ref. [33]. This implies that the bandhead of the
negative-parity 14C+α band is the 1− state at 9.76 MeV
in Ref. [33] but not those at 4.45 and 8.04 MeV in Refs
[29, 31, 32]. In order to establish the negative-parity
band, we need to compare the B(E1) with the experi-
ment [29]. It will be reported in a future article.
Finally, we mention the decay patterns of the molec-
ular states in 18O. Figure 9 shows spectroscopic factors
defined by Eq. (11) for the 0+ state. The 14C + α clus-
ter states 0+2 and 0
+
4 show large spectroscopic factors
with respect to the α-decay (black bars). In contrast,
the 12C + α + 2n molecular state, 0+3 , shows the largest
spectroscopic factor with respect to the 6He-decay (white
bar) although it is rather smaller than Sα of the 0
+
2 and
0+4 states. In addition, the 0
+
3 state has the negligibly
small Sα. Therefore, the α-particle emission is dominant
for the 14C+ α cluster states, whereas the 12C+ α+ 2n
molecular states prefer the 6He emission. This feature
is consistent with the 6p4h configuration suggested by
von Oertzen [32]. From the right panel of Fig. 7, the
peak of the 6He-decay RWA appears at the 4.5 fm. The
characteristic decay patterns can be the signature for the
molecular state, if it is observed by using this channel ra-
dius.
IV. SUMMARY
We presented various types of clustering in 18O based
on the AMD calculation. It is found that the five clus-
ter configurations appear on the energy curves for the
0+ state; 14C + α, higher-nodal 14C + α, 12C + α + 2n,
12C + α + 2n (σ-orbit), and 4α linear-chain states. The
calculated excitation energies of the ground band and
14C + α cluster states are closer to those of the observa-
tions than previous AMD calculation due to the improve-
ment in the effective interaction and wave functions.
We clarify the existence of the molecular state 12C+α+
2n suggested by von Oertzen et al. The calculated states
are reasonably close to the excited states reported by
the experiment although further experimental and theo-
retical studies are in need. For future observations, we
also focus on the decay patterns of the obtained clus-
ter states. The 14C + α cluster states 0+2 and 0
+
4 dom-
inantly decay by the α-emission. On the other hand,
the α-decay is strongly suppressed for the 12C + α + 2n
6molecular states. Alternatively, the 6He-decay gets more
dominant although it shows smaller spectroscopic factor.
This characteristic decay pattern can be the signature for
the molecular state.
In contrast to Be isotopes, the molecular states 12C+
α + 2n exist above the two-body ionic states 14C + α in
the case of 18. This inversion provides us the information
of the core− n interaction and affects the establishment
of the extended threshold rule for neutron-rich nuclei.
The higher-nodal 14C + α cluster band is the candi-
date of the reported resonances with rather large α-decay
widths in Refs. [33, 34]. In addition, we support the
1− state located at Ex = 9.76 MeV in Ref. [33] as the
bandhead of the negative-parity 14C + α cluster band
which had been controversial. In order to establish the
negative-parity band, more observables such as the B(E1)
are needed to be compared in future works.
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FIG. 1. (color online) Theoretical energy spectra (left) and experimental energy spectra (right) of 18O. Blue, red, and green
lines show the ground, positive-parity 14C + α cluster, and negative-parity 14C + α cluster bands, respectively.
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TABLE III. Excitation energies (MeV) and α-decay widths (keV) of the positive-parity states in 18O. The channel radius is
a = 5.2.
This work Exp.
Band Jpi Ex Γα θ
2
α J
pi Ex Γα θ
2
α
Ground band 0+1 −0.16 - 0.00 0
+
1 0 - -
2+1 0.67 - 0.00 2
+
1 1.98 - -
4+1 1.60 - 0.00 4
+
1 3.55 -
14C+ α 0+2 5.44 - 0.18 0
+
2 3.63 - -
2+3 7.02 - 0.17 2
+
3 5.25 - -
4+2 9.96 0.2 0.19 4
+
2 7.12
6+1 16.00 830 0.18 6
+
1 11.69 12(1) [33] 0.23
(6+) 11.72(5) [34] 0.56
14C+ α 0+4 12.15 184 0.04 0
+ 9.9(1) [33] 3200(800) 1.85
(higher-nodal) 2+5 13.41 135 0.02 2
+ 12.21(8) [33] 1000(250) 0.37
2+ 12.8(3) [33] 4800(400) 1.56
4+3 15.27 308 0.04 4
+ 14.77(5) [33] 680(50) 0.28
12C+ α+ 2n 0+3 11.34 11.0 0.00 (0
+) 7.80 [32]
2+4 12.36 13 0.00 2
+ 8.22 [32] - -
2+6 13.78 0.0 0.00
4+4 15.85 5 0.00 4
+ 10.30 [32]
4+ 10.290(4) [33] 19(2) 0.09
4+ 10.28(4) [34] 0.07
4+8 19.72 0.0 0.00
6+2 20.12 4 0.00 6
+ 12.56 [32]
6+5 23.01 2 0.00
6+8 25.84 0.0 0.00
12C+ α+ 2n 0+6 16.07 53 0.01
(σ-orbit) 2+8 17.56 23 0.00
2+11 21.39 0.1 0.00
4+9 19.94 4 0.00
4+11 23.16 2 0.00
6+4 22.21 45 0.00
6+7 25.13 1 0.00
4α linear-chain 0+9 26.50 23 0.00
2+17 27.46 4 0.00
4+15 28.55 0.6 0.00
6+10 30.19 0.1 0.00
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TABLE IV. Excitation energies (MeV) and α-decay widths (keV) of the negative-parity states in 18O. The channel radius is
a = 5.2.
This work Exp.
band Jpi Ex Γα θ
2
α J
pi Ex Γα θ
2
α
14C+ α 1−4 11.41 575 0.23 1
− 9.76(2) [33] 630(60) 0.46
3−7 12.85 1367 0.25 3
− 12.98(4) [33] 770(120) 0.32
3− 14.0(2) [33] 2100(300) 0.70
5−7 16.02 1846 0.24 5
− 12.94 [33, 34] 15(2) [33] 0.02 [33], (0.50) [34]
5− 14.1 [33, 34] 260(20) [33] 0.23 [33], (0.02) [34]
7−5 20.63 2036 0.20 (7
−) 18.63
12C+ α+ 2n 1−5 12.49 15 0.00 (1
−) 10.59 [32]
3−5 11.20 5 0.00 (3
−) 10.92 [32]
3−8 13.48 97 0.02
5−4 13.92 2 0.00 (5
−) 13.83 [32]
5−8 16.23 39 0.01
7−3 18.19 1 0.00 (7
−) 16.98 [32]
12C+ α+ 2n 1−10 17.76 3 0.00
(parity mixing 3−17 19.08 54 0.00
σ-orbit) 5−13 21.87 38 0.00
7−7 24.39 1 0.00
4α linear-chain 1−16 29.67 0.5 0.00
3−25 31.27 0.0 0.00
5−21 32.44 0.0 0.00
7−20 34.31 0.0 0.00
